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AIKtIacl

‘Ihc l]e.tcrop,cncous ]-cactio]is of CloNOz -1 IIjo - > llN03  1 11(X:1 (1 ), CIONol  -1 11(11  - >

Clj -I llN03 (2.), and lIOC1 I lICI - ) Clj I IIjo (3) on liquid sulfulic acid suifacm have been

studid  usinp, a fast flow- rmctol c.ouplcd  10 a quadrupo]c  mass spcctmmdcr,  ‘1’hc maitl objmtivcs

of the study arc to invcstisatc a) tcmpcraturc dqmdcJm of these ]cactions  at a f]xcd IIzo  parlial

pressure typically in lhc ]owc] strat osphcrq  h) J clat ivc impel tancc 0] compct itioli  bctwcm

react ions 1 and 2., and c.) Ihc effect of 11 N03 on the rcac.t ion plobabilitics duc to the formation

of a ll~S04/Jl  N03/Jljo”  tmnary  system. ‘1’hc mcasulcmcnts S1]OW that all the lcac.tions dcpmd

malkc(lly  on tcmpcraturc at a flxcd 11:)() pal Iial pIc.ssurc:  lhcy plocc.d  df]c.icntly  at tcmpmatulc.s

ne,al  ?.00 K and much slowm at tc.]npwatulcs  near 2.?.0 K. “1’he I-caction pt obability  (yl) fol

CIONoz hydlo]ysis app] oachcs  0.01 at tcmpm at arm bc.low 2.(N K, whereas the values for y? and

y3 alc cm the o~dc] of a few troths at ?00 K. Althou@  dclaild  mcc.hanisms  fol them Icactions

arc still unknown, the present data indic.atc  that the compc.titicm  bctwmn CloNO~ hydrolysis and

CIONOa rcadion  wi th  11(11  may dcpcmd on tclnpclaturc (or llzS04 WI !40): in the pIcscncc  of

~,ascous  1 ICI at stt atosphe]  ic C.onc.cntl at ions, I caction 2 is dominant at 10WCI  tmpcv  atum.s (< ?.00

K ) ,  but rcac.tion 1 bccomcs  impo[ tant at  tc]]]jma[utcs ahvc  2?1 O K ,  l;u~ thcwrno~e, rcaclion

probability mcasurcmcnts perfolmcxl  on the } lzS()# 1 N03/1  I?() t c]nary solutions do not txhibit

noticzab]o  dcv; at ion from those pm formed oJ~ Ihc 112S04/1 120 binary systc.m, su[;p,c.sti]]p,  ]it[lc

effect of }1N03  in sul~~tc  ae]osols  on the (~10N02 and I1OC1 ]C.actions  with 11(11. ‘1’hc ]csults

I cvcal that sip,nif]cant rcduc.tions in the chlorine cot]taininp,  rcscrvoi] spccics (such as ClONO~

and IICI) can take plain on stratospheric sulfate acmsols  at hi~,h latitudes in wintc.r  aud tally

splinf,,  even at tcmpclatulcs  too wa]n] fo] pola! slt atospl~cl  ic clouds  (1’S(:s)  to form 01 in ]cp,ions

where nuc.lcation  of I’SCS is spalsc  ‘1’his is pal ticulal lY tl uc undcv dcvatcd  sulfuric acid loadinf,,

such as that aftcl the ed uption of h4t. Pinatubo.



lnlmdllction

11 isnoww cl] cstatJlisllccl  tllatl]ctcIo[:cllcc)  llsrcactiol]so  cct]rli l]So])t l)cs~]rfaccsof  ])c)lal

stlatosphcric.  cloud parlic]cs p lay  a  ccnltal  Iolc in the omne  (iq>lction.1 ‘1’he s~ilfacc-catalyzfc({

reactions convcxl  cl]lorirlc-col]laillill~  Icmfvoil spmics in to  photochrmical]y rcaclivc fo]rns,

lcadin?, to hip,h ra tes  of omnc  dcsttuction  by ac.tivc  Chlo]inc  spccics, C] and C10 .  Of  eclual

impollancc to the polar  stratmphcric.  ozone dq)ldion  is Ihc concomitant ]cmoval of nitrop,cn

oxides  flom the p,as phasq  which inhibits the forlnation  of cJ]lolinc nittatc an(i subsequently lcacls

to Iarp,e cone.cntlations of C1O. Such hctcrop,cwcous prmxssinp, of mrxvoir  chlorine spxics  on

1’S(: pal Iiclcx has brxm clearly scm in rccmt  f]cld observations, showinp,  cl)mical  chanp,cs such

as the incr case. in (110 and c.oncul  rcmt dem c.ascs  in 11(;1, CloNot,”  and oxrnc as mcasurccl  from

inside to outside of the chemically pcrtulbd  ]cp,ions in Antarctica ancl the Atctic.2-s liul lhcrmorc,

Iatm] ate] y st utiics have docummtd  that tlicsc hctc]  op,cncous  reactions ploceccl efficiently cm the

1’S(; matr3rials,6  which alc bclimd  to Cmlisist of cill)rx  nihic acid hyd]atcs  (type 1) or ic.c (tyjm

11).”8

Simi]al Icac.ticms  occ.ullinp,  011 stratosphrxic, su]fatc amosols  have also been proposrxl  to

have a sip,niflcant  effect on the chemist fy of the ~,lobal stlatosphetc.9-’1 ‘1’hc sulfate ac~osol  layer,

which mists  at latitudes be.twccn  10 and 30 km, is composd  of aqueous  sulfuric  acid parlic]es

with a moan diamctc]  of about 0.1 }lln and conccnt ration f] om 1 to 10 c.rll-3  under unpe] tulbatecl

str atosphcric conditions. h4ajor volcanic m ul)tims, such as the eruption  of h4t. l]inat ubo, may

sip,niflc.ant]y  inmcasc the pal liclc size and concentration. Stcclc d al.12 first compiled the sulfate

acr 0s01 c.omposit  ions as a func.tio]l of tcmpc~ atu] c, 1)1 cdictin!,  an aerosol cmccntt  ation of 70-80

wl 0/0 at mid-] atitudcs  and of 10ss than 50 wl 0/0 at hif$ lalitudrx  Rcccnt studics]3-’6 have

suj~p,cstcd  that, at lower tcmpcl-atures  such as those plcvaili[l~  in the early polal wintc]”, the sulfate

aerosols alxmlb a sip,nif]canl arnourlt  of 1 IN03, lcadir-lp,  to the folmation  of a 112 S0#lN03/J120

tcrr~a] y system prior to the onset of I’SCS. Additiol~ally,  ori the basis of laboratory OIXC1 vations,

0 ystatlinc  sulfur ic acid hydrates sue.]) as tctrahydrate  and llcl~lillcxally  clratc’7’]8  or monohydlatc’9

have been proposed to fol-rn an(i persist in ccl tain slt atosphw ic. regions.

‘1’hc hctcr op,cneous reactions, whict] could promote chlorine adivatioti and affc.c

sttatosphmic Nox budp,d,  atc as follows:
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C1ONO,  -I 11,() - ) 11N03 -I 110(:1 (1)

CIONO, -t IICI ) IINO, -1 C], (2.)

110(:1  -1 11(:1 - ) (:12 -1 1 120 @)

on crystallihc sulfuric acid tctrahydratc, reactions 1 to 3 have been shown to pmcccd cfflc.icntly

at low tcmpcraturcs  (< 200 K).24>2S };arlic]  volubility sludics2f’ ]cpollcd a nc~li~:ib]e  amol]nt  of}l(~l

in liquid sulfate aerosols, too small fo] reactions ? and 3 to oc.cuJ  at sip,niflc.ant Iatcs on the

p,lobal  sttatosphcrc,  in ad(iition,  othcl  laboratory studies yicldd  vcl-y small uptake  coefficients

for these rcadions on liquid sulfu]ic ac.icl solulions,2277 It is now clear that the Iatcw of these two

rcac.ticms  arc critically clctcrmincd  by the amount  of lICI dissolved in the liquid solutions, which,

in tu[n, depends OJ) both tcmpcI-aturc  and ammo] ac.i(i contcmt. ‘J’bus, chanp,cs  in stlatosphcric

tcmpcraturcs (which will also chan~c the sulfate ae]osol  c.oucmtiat  ion) would likdy  result in

highly ncm-linear behavior for these two rc.actions.  Rcc.cnt  laboratory results prcclict an

equilibrium IICI COnccntration  as hif,h as 0.1 ‘Al by wci~ht  in the stratospheric su]fatc aerosols

at tmpcraturcs  below 192. K and at an } 1(;1 tnixinp, ratio of a fcw ppbv,  )$ an amount  which

would bc c.onsistcnt  with ]-cac.tion  p]obabilitics on tllc order of a fcw tenths for Icacticms  2. and

3.’3 h40rc rcccntly, cffor [s have bccm made to calcwlatc  reaction pIobabilitics  based on ]aboratoI”y

measmcd quantitics:2S>29 a thmrctical  fl-amcwork has bc.cJ) pmposcci  to apply the label atoI y data

to the stratosphere. (%cmic.al  proccxsin~  of ail by stratospheric sulfate aclosols via ]cac.ticms 2

and 3 at hip,]]  latitudes is suppo]-ld  by re,c.cnt AASl\ 11 obscIvations,’4 whicl  I meal a sip,nificant

depletion in both C10N02 and 1 lC1 columJ)  abundances in the l’inatubo  p]umc, mm whcJ] thcm

is no 1%(; sip,naturc,

Anothct impor[ant  hcte.mgcncous  ]caction o!) liquid sulfate aerosols is

Nto, -1 1120-  ) 2.11N03 (4)

“1’his  reaction is bclicvcd  to rcducc  tllc stt atospl]cric  Nox concentration and c.onscqucntly  result

in incre.asc in the abundances of C1O and 011, Several labo] ate] y I csults have c.onc.ludcd that the

reaction probability for rcacticm  4 is indcpcndcmt of tcmpcratulc, sulfuric acid conccntlal  ion, and

even pat [idc  si7<c,  with a value of about 0,1.
2(’ 2’ ‘1’here is DOW accumulating cwiclcmcc  that the

observed abundance of nitroflcn  ancl chlorine spccics in micl-  latitudes can not k simulatd

accurately in numerical modds  by f,as phase plot.csscs alone, but t h a t  inclusion  of Nj05

hydrolysis prduccs  [jctlcr afirccmcnt t~etwcxm obscwations and calculations. (hllVCJSC]y, the
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]~]-ol>osc(l  fo]l]~atio]]o fsolici  s[]lf~lricr  aci(l]~al[iclcs ill tllcstratosl)llerc  coulclpotmtiatly  suppress

the N?(J5 hydrolysis and thus terminate this rcacrtion  d]anncl.]9>24

‘]’hcaim ofthis  work istopmform  dilcxt laboratory cxj~cril~~ct~tsol~liq~licl  sulfuf-icac.i(l

s[lrfaccsllndcr  stratospl]cricc,onclitions.  ‘I’l~crcactiol~  ~}rol>al~ilitics  for CIONOz hydrolysis andllCl

rc.actions with C1ONO?  and IIOC1 at the ]cactant concentrations characteristic of the lower

stratos~}llcrcl~avet>cc~l  l~leas~lrcd,  'l'llctclll[)crat  ~lrc(lc]>cll(lcIlceo  ftllcser eactior}swa  sillvcstigatccl

at a fixed 1120 mixins  ratio of about 5 ppmv ancl at tmpcratule.  s from 195 to 220 K. ‘1’hc relative

impol tancc or c.ompctiticm  bctwcxm the hydrolysis c)f CIONOJ  and the CIONOj reaction with lIC1

was also examined so that acmratc  chlorine activation] proccsscs cm the stratosphcric$ sulfate

acJosols  can be appliecl  ancj simulatcc~  in atmospheric Jnodds. l;inally,  wc invcsti~atcd  the effect

of 11N03 OJI tho reaction pr’obabi]itics duc to the formation of the ternary 112 S04/11N03/1120

systcm,  which has been proposed to occur prio]’  to the cmset  of type 1 }’S0.

]h pmimcwtd Approach

Reaction probability mcasurcmcnts were pet formccl  in a fast flow reactor at[achecj  to a

cliffcrmtially  pumpd  quadrupolc mass spcct romctm,  ‘1’he I cac.tor section is shown schematically

ill }ii~urc  ] ,  AJI OVCJ’ViCW  O f  thC CXIWJIJllCJllal ])lOCC(lUrC 1 S  ~lVCJl }](XC, aJld CICtailS C)f thC

apparatus have been cliscussed clscwhcrc.30

I’hc flow reactor, of inner cliamdcr  2.8 cm aIld lc.np,th  34.0 cJn, was Ilorizolltally-]  llolllltccl

and hacl three movable iJ~Jc.ctors  Iocatccl at the upstrcaJ~l  cncj. A jackctd  ir]jcctor (1 .O-cm o.ct. )

kept wal Jn by circulating a room tcmpcrat  urc so]ut  ioli of cthy]cne g]yco]  iJl WatW was used to

adcj 11)0 ant] 11N03 to the systcm. Nolmally, this i]]jcctor was” positioned near the upst Icam mcl

to plcvcnt possible waminp,  of the substlatc.  “1’hc Jeac.tmts  (such as (:10N02 or 110(1) were

intloducd  t}~rou~,h a centrally-locatcc{ mjackelccl injecto] (0.3-cm o.(l), and a third unjac.kctcd

injcc.tor  of similar o.d. was used to introduce IIC1. All the gaseous spccics  were ddiverccl  to the

flow tube alon.p, with small IIc flow (O. 1 -S.0 cm13 rein”] at S’1’1’) ancj furlhcx clilutd  in the main

IIc flow (280 cm3 rein-’ at S’J’I’)  before contacting the liquid surface ‘1’ypical]y, the flow reactor

was opwatcd at 0.S ‘1’orr total prcwsurc  and 890 cm/s flow velocity.

1 ,icluid  112S04 filJns wmc prcpal-ccl  by tc)tally  covering the insicle  walls of the flow tube



.

with sulfuric, acid solutions. “1’0 ensure a unifol-m wctling,  the flow tube was first clcand  with

a dilute  IIfi solution  and then rinsccl witl) disti l led watcx. At low tcmpwaturcs (< 220 K) the

sol~ltiolls  ~vcrcsllffi  cieiltly viscous  toprociucc  an rxsenlial]y static film which lastc(lovcrtllctilllc

scale of the rxperimcnts.  ‘J’he thickness of the liquid was cstimatd  to be - 0.1 mm.

‘1’he sulfuric acid ccmtcnt  initially USN1 was less than 70 WI Y’o to avoid possib]c  frerxling

of the film at temperature above  2.20 K. lhrin~  the course of the c.xpcriments,  the acid content  .

can h varicct by addition of 1120 througJ the jackctcd  injector; once exposed to 1120, the sulfuric

acid film took UP IIZO aJ~d bccaJ~~c  more dilute until  cquiliblium was rcachd Alternatively,

compositional chan~,es  of the film can be made Ihmug,h  evaporation of 1 lZO, by raisinp,  the flow

lube trmpcraturc  and by flowinp, dry helium over Ihc sample. critical parameters for the

measurcmcJ~ts  were temperat  urc and 1120 partial pressure, which dctcrminccl  the }Ia S04 content

(the Icmpcrature  and 11,0 partial prrxsurc in tllc flow tube were usccl to estimate the acid content

from the vapor pressure data of Zclczmik3’  and Xhanp,  et al, ‘x). J/or most experiments rcportd

here, the 1120 parlial prrxsurc was closely maintained at -- 3.8x1 0-4 ‘1’orl (corrcspondinp,  to 5

ppmv )120 mixing ratio at 100 mb in the stt-atosphmc) while the tmperaturc  was rcf,ulatc(l  from

195 to 220 K. ‘1’his was equivalent to chan~in~  IIJS04 contmt  from 45 to 70 ~~t Yo. ‘J’bus, by

llsinp, 1120 parlial pl-essurcx  similar to those found in Ihc stratosphere, the

compositions representative of stl atosphmic  sulfalc aerosols. lrrcqucnt]y,  the

upon furthu coolin~  Mow 195 K.

liquid  film hacl

film crystallimci

l;or mcasurcmmts  of reactive uptakes of CION02  an(i 110(11 on sulfuric acid C!UC to the

reactions with IICI, the aci(i film was first exposed to 11~1 vapor before  iJltroducinp, the reactant.

]n thcm Jncasurmncnts,  it was important to rmsurc the cqulllbl”ium  of 110 bctwccJl  the &as and

liquid, ‘1’his can be vcrifid  by p~lllin~  the 11(~1 injector  upstream while monitoring, the 11(11  sip,nal

rccovcry  in the mass spcctlomdcr.  Also, the p,ascous  11(;1 conccnt[ation  had to bc cffcctivdy

maintainc~i to offse t  chatlp,cs in trmpcrature  or in lllS04  c.ontcnt inducrxl b y  a d d i t i o n  o r

cvaporatioJl  of }120,  SiJnilarly, 11N03 was also int[oduccd  from the ~as phase and allowd to

equilibrate with the Iiqui(i.

Reaction probabilities (~s) were calc~ilalrx{  from first-order rate constants obtainccl from

the reactant loss or procluct  p,rowth,  ‘Ihc sul-fac.c  area of s~llfuric  ac.i(i films was assumed to bc

tho Scomctlicj  al-ca of the ftow tube. Standtit-d  cylindrical flow tube analysis tcc+niquc  were

6



usd.32  Corrccticms for p,as-phase  diffusion wcl c made by using the mclhd dcvclopcd  by

llmwn.33  ‘1’hc diffusion coefficients tif C10N02,  110(;1, and 11(;1 were estimated usinc the method

described by Marrcro ancl Mason:34 the values were 176, 215, and 296 ‘1’orr C.In2 S-l for C10N02,

110CI, and 1 ICI at 200 K, respectively. A tmperatur-e  cicpcndcnce  of 1’17S was cmployd.  ‘J’hc

IIrown corrcdion  was approximatc]y  1 (Mo  for small y values (y < 0.01) and as large as a factor

of 4 for large values  (y > 0.2).

C10N02 was synthcsiz.ecl  by the I-caction  of C120 with N20s,3s and was clutcd  from a trap

at 192, K tl]l-ou~,h  a mcterinp,  valve with a IIc flow of O. 1 -5.0 C.In3  rein-’ at S’l’l]. in calibrating

Cl ON O,, ‘Ilc was  flowed  throup,h  the C10N02  sample  kept  a t  144 K mcl the CION02

col~cmtration  in the flow tube was estimated by assl]minp,  full saturation of the IIc flow when

it exitd  the (ION02 trap. 110(;1 was produud  by passins  CIONC)Z  throup,h a 40 wt 0/0 1 12S 04

solution at 273 K. ‘1’his source was stable durin~ the experiment and containeci  few impurities.

‘J’hc }10(1 concentration was estimated by its pmluclicm from reaction 1 OJI a liquicl 112S04 film.

IIor this case, a stoichiomctric ratio of unity was assumeci  for II(XI formed clue to CIONOP lost

(imtif]cation  is given below). IIC1 was a(i(icd  to the flow tube flom a dilute  mixture iJl IIe (0.1 -

S.0 ‘A), and its c,onc,entratioJl  was dctcrmincd  eithc]  by observing the pressure rise in the flow

tube upon its addition or by usinp. a 1 (J C.In3  rein” (at S“J’J’) mass flow meter, IIN03  was collected

from a 3:1 solution of 112S04 (96 wt ?40)  and 11N03 (70 wt %) and was calibrated similarly to

IICI. Waler signals were calibratd  by dcpositit]y,  an ice film and usin~ its vapor pressure over

the tmpcrature  range of 190-?.30 K.3G

Il(nl, IIOC1, and (;IZ were mmitotcd  at their parcmt peaks of 36, 52, and 70, rcspcc.tivdy.

(llONO~  and 11 N03 were both dctcctd  at mlc c 46 which cortcsponcls  to the NO~” ion fra~mcnt.

IMcction  limits were about 5x1 ()-S “l’oI-r for C10N02, C12, I1OC1, and 11N03 and 1 xl 0 -7 ‘1’orr for

I] Cl. ‘J’lIcsc detection smsitivitics  were limitccl mainly by backp,round partial pmsurcs.  IIuring

the cxpcrimcnts,  all the rdcvanl  mass spcc.troliletcr siflnals were simultaneously rcc.ordcd by using

a computm data acquisition systcm.

Rmllls

flbscrvations  of l)hysical Uptake of JIC1, 10(11, an(l 11N03 on 1 iquid Sulfuric Acid

‘J



}Icc.ause  11~1 and 11N03 were addd to the liquici sulfuric acid films by allowinp, the acid

surface to equilibrate with the vapors introduced with the carrier gas, it was csscnlial to

understand their adsorption behavior on 112S04 ovc.r the tmpcraturc  and acid content range

invcstigatd,  Also, }10~1 formecl by the rcadion  of (; IONOZ with 11~0 may bc retaind  in the

lljS04  solution, possibly affecting the y values cie.tmnincd,  l(urt}lcrmol-c,  for the }10(;1 reaction

with 11(~1,  the p}]ysica]  uptake  of 1]0(;1 in lljSOd solution ncmcls  to be cxclude(i  whcm (ic(iuc.ing

‘y’s basal on ti)c }](X]  loss. As a resuit, soJnc ciircct  mcasurcmmts  of 11~1, IIOC1, at]ci I] NO,

uptakes froJn the gas phase were c.arricci out. “1’hcsc mcasurcmcnts  also provicic information on

ti~c time scale for reaching gas and lic]uici  pilasc equilibrium.

“1’o perform the uptake  experiment, a stcaci-state flow of the adsorbed gas was first

cstablishcci  throup)l  one of ti]c injcdors  pushtxi in just passing t}ie iiquici suifuric aci(i film (the

jackc.tc(i  il]jcctor was oniy used for II N03). ‘1’i~c it~jector was then quickiy  puliui  ups t ream

cxposinp, a section of tile film to tllc vaimr whiic monitoring, its mass spectrometer signal.

llxamplcs of these resulfs arc shown in l;igurc  2 al a llzO partiai i~rcssurc  of - 3.8xl 0’4 “1’orr. in

};igure 2(a), a 1 O-cm length of suifuric  aci(i  film was cxposmi to ll~i at 2 rein: tile 11(~1

concentration in the gas phase fell instantly upon i~uiiinp,  ti~c injector and ti~en rctumect  to its

ori~inai vaitlc as the fiim was saturatcxi  with 11(:1. At ti~is  point, no fur[hcr uptake  was observe(i,

sugp,csting that a n  CqlJilibrl LI1ll haci been reachcci bdwtxm  the ~as anti iiqlli(i.  At d JniJl, tile

iJ)Jcctor was pushed back, resuiting  iJ) a simiiar, yet opimsitc  peak ciuc to 11~1 ctcsorption.  JIoth

the adsorptioJl  and cirmrption  Occ.urlcd oJl a time scale of icss than a JniJlute. An 11~1 partia{

pressure of 5x1 0-7 “1’orr was usui iJl this expcrimrmt.  III sulfuric ac.i(i, 1 ICi un(icrcocs  (iissociaticm,

CiepclldcJlt  on the acidic coJltcJlt;37  ils reactive form is iikdy  to be (~i-.

l)lottcd  in Figure  2(b) is the 110(;1  si~na]  as it cvolvc(i  with time due to exposure of a 10-

cm irmf,th sulfuric  ac.ici fli Jn at the l]()(~i partial i~rcssurc  of 1 xl 0“7 “1’err, ‘1’his uptake is

quaiitativc]y  similar to ii]at for ll(~i. “1’hou~h  a weak aci(i, 1 IO(;i also ciissociatcs  in hi~hiy aciciic

112S04  solutioJ~s,’c As can bc cone.lu(ie(i froJn l;igurc  ?(b), so lonp, as sufficient time is aiiowwi

to saturate ti~c acici  filJn, reaction probabilities fol the (llONOj hy(ilolysis  (o]- llO(;i ~cactioJ~  with

I I(;i) can be accurately cierivcxi  based on ti]c 1 IO(yi p,row(il  (or ciccay).

in contrast, IIN03 uptake  by the 10-ctil 11#04 film was substantial (Iiigurc 2? (c)); it took

about 45 min to reach saturatioJ~ for the IIN03 i)ar[iai  pressure of 5x1 0 -7 “J’orr. As silown iJ~



l;ip,ure 2.(c), the slow rcc.ovmy in llN03  after the initial drop is most likely controlled by

intcrfacial l~~asstral~s~~ortorl>y  licltli(l-~ll~ase  cliffllsiol~.  'l'}lcsip,t~ifl  cat~t  uptake ofll N03by  sulfuric

acid is consistent with the formation of a llzS04/11N03/llt0  ternary system at this tmpcratm,

as noted  in the introduction swtion.  ‘1’hc extent  of 11N03 dissociation in sulfuric acid is also

dcpcndcnt  on aciclity.38

IIolh the absorption and ctcsorption curves, as displayd  in };i~urc  2, can be applied to

extract information such as the product of the 1 Icnry ’s law solubili(y  constant (n) and square root

of the liq~licl-cliff~]si~ll  cocfficicnls (l~l’~). I(or example, the values  in l;igure  2 correspond to 25

and 41 (inthc  units of M atn~-J cm s-x) for 110 and 110{~1.  Over the few measurements taken in

this work, the results arc gcncral]y  in gcmc{ a~yccment  with those reported by 1 latNoJ~  and

Ravishankara,3S

As expected, at a given }IZO partial pressure, wc have observed drastic increases in the

uptake with decreasing tcmpcraturc, indicating very strong negative temperature dejwndencies.

lior conditions similar to those  in l;igure  2.(a), the time scale for 11~1 saturation (i. e., the time fc)r

the signal  to return to its initial ICVC1) was as 10I)P, as about 15 minutes  at 195 K, whereas the

11(;1 uptake was un(ietectab]c  at 220 K. in Scncral, solubilitim of these species in 112S04 increase

with decreasing tcmpcraturc at a Sivm acid content and increase with decreasing 111S04 content

at a given  tmpcrature.  Since  the llJO partial pressure was held constant in our experiments,

tmpwature  dqmnctcncics  of Ihcsc uptakes wm c actually two fol(i:  at low temperatures tllc

solubi]ities  increased duc to both dccreasinp,  tcmpcraturc and dccmasing  112S04 content.

It should  bc pointcci  out that here wc examine only the qualitative behavior of these

uptake phenomena in tcrtns  of relevance to the present work. lMailcd  studies have been rcportd

by llanscm and l<avishat~kala.38

l{eaction  of ~lONOt_with  112Q

WC have performed dil cct mcasurmcnts  of uptake coefficients  for C10N02  on liquid

sulfuric acid films at tcmporaturcs between 195 and 22?0 K and at a IIZO pal-tial  pressure of --

3.8x 10-4 ‘J’ort, Rcaclion  probabilities (y I) vwre obtained by obsmving  the decay of (;lONOz or

the ~rowlh  of 110(~1  as a function of injector position as it was pulled  successively upstream over

9
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the acicl film.

A typical result of reactive uptake of (U(INOZ by sulfuric acid solution is shown in IJigure

3 as time cvoluticm of ~lONOz and 110(;1 signals. ‘1’he experiment was pm-formed at 199 K and

at a ~10N02  parlial pressure of 1x10“7 “J’orr. At -- 2 rein, a 1 O-cm lrmp,th of }ItSOd film was

exposcci to ~lONOj  by pulling the injector upstl  cam, and the signal of ~lONOz dropped sharply

to a very small value  while the 110(1 si[~nal  rose; at -9.2 rein, the injector was moved  back

downstream to stop the exposure and both the (~lONOz and }10~1 si~na]s  ]-cturnrxi  to their initial

levels. ~’he 110~1 signal is found  to exhibit a noticeable dday of about a minute and half when

the injectol was positioncc] both upstream an(i downstream, consistent with the al~ove-lllcl]tiolle(l

uptake behavior. As clisp]aycd in the figure, the pro(iuct that leaves  ti~c surface is identified as

110(;1;  the other pro(iuct,  11N03,  is left bchin(i on the film since it is very soluble in tile cold

suifuric acid solutions. ]s In aii of our experiments of this type, the maximum signal (iuc to 110~1

was always coJnparab]c to t}~c iJ~itiai  00N02 si~nal. Bccausc  the relative (ictcction  sensitivity

of tl)e mass spcctmmetw for the two molccm]cs  was approximately the same, the mcasmmncnts

suf~grxt ti~at ~lONO~  reac.tir~g  wi th  IIzo on liquid suifuric  aci(i yici(is oJ~c 110~1,

in addition to the ~lONOz reaction with IIjo, some loss of (;IONOZ may be related to its

physicai  uptake by sulfuric acid, in our cxpwimcnts, however, it is virtually impractical to

separate the two processes. Nevertheless, this shoui(i have a nc~li~ible  effect on the Y

Jncasuremcnts,  because we obtaiJ~c(i  cssrmtiaiiy tho same ‘fs basc~i  on both ~lONOz ciccay  an(i

1 10(;1 growth, as ciiscusscct  below. }Ianson arl(i Ravisilankara 29 rcporleci a soiubility  constant of

about 103 M atm”’  for C10N02 in a 60 0/0 11$04 solution at 2.02 K.

lJi~ure 4 is a semi-log plot of measurcxi  (;lONOZ an(i 110(~1  signals versus injector position

for an experiment pcrformcci  at 199 K an(i at at) initiai (YONOZ partial pressure of 1.2x1 0-7 “l”orr.

‘1’hc slope of the ~lONOz drxay  line yicicis the first-or(icr rate cocfficirmt.  “1’hc nearly-constant

ccmcmtration  for 110~1 at IarScr injector (iistailcc can be vicwc(i as a asymptotic. value. 1 lcnctc

a plot of log(,f’lICJCl (m) - L$,JOC1(Z))  versl]s il~jcctor  distar]cc (whCrC z i s  thC ir~jCct~]”  ]>os]tiol~  a[~(!

S’I,C)CI(M) is the asymptotic }10~1  si[glai  at larfic injector (iistanc$c,  cstimatui  visuaiiy  from the

fip,llrc)  shoui(i be linear (];igurc  4(b)). ‘1’hc slope of such a plot also yid(is  a first-or(icr  rate

coefficient. Doth the ~lONOz (iccay  an(i 1 IO(; i ~rowth vaii(iatc  the first or(icr kinetics. ‘1’hcsc

coefficients icad to reaction probabi]itics  of 0,010 an(i 0.012 corlcspon(iing  to ti~c (~lONOz  decay



anti 110~1 growth, respectively. Note that the reaction probability obtainecl  from the }IOU fy-owth
. ,.

is very smslt]vc  to the ctetcrmlnatlcm of the asymptmc  value of .$’l ICJCI (c*). )ior smaller reactive

uplakc  of ~10N02  (i c., at high ttmpcraturcs),  a lon?,cr  i]~jcc.tor  clistance  is nccclccl  to derive its

value,

in ];igure  5, values  of ~, calculated from mpcrimcnts  such as those displayed in Figure

4 arc prcscntcd as a function of temperature using l’clc~~(~l = 8x1 0-8 to 2X10-7 ‘j’or’r. ‘1’hc opeJl

circles denote 7,’s obtaind  from the ~lONO~  decay and the solid ones arc based on the 1100

p,rowth.  ‘1’}le solid line is a polynomial fit throu~h  the data; the coefficients arc summarized in

‘1’able 1 along  with the cxpcrimcnla]  conditions, “J’hc estimatd  error limit of the y] values is

approximatdy  =1 30°/0, which incluctcs the unccrlaintics  in measuring the first-order rate constant

and in correcting for gas-phase diffusion.

It can be shown in the figule that, as the temperature varies from 2.20 to 196 K, y,

chan~m from about 3x1 0-4 to 0.03, incmasinp. by two orders of magnitucle, At the same time, the

IllSO, film is cjilute(t  from about 70 wt ?40 to less than 50 wt Yo. ‘1’bus, the ~lONOj  hydrolysis

shows a strong dependence on sulfuric acid c.ontcnt,  in contrast to NzO~.?0”23 Also, these

mcasurmcnts  do not discl-iminatc  the effects of surface versus bulk reactions and represent onjy

Ihc ovwall procmss. I/or stratospheric applications, howcvm,  the mcasurect ~s need to bc corrected

for the finite dimension of the sujfale  aerosols; this will bc ctiscusscd in a later sectioJ1.

j{caction of ~lONOj.  with 11~1

Wc investigated the rcactivc  uptake of (;10N02 by liquid 11,S0, in the prescncc of 110

vapor (yz): the measurements were pcrformd  by first allowing the substrate to equilibrate with

11(~1 vapol- intro(iuccct into the flow tube with 1 lC throup,h onc of the unjackded  injectors.

l;igurc 6 shows the tmporal  profiles of CION02,  (:12, }10(:1, and 11(;1 signals for a typical

cxpcrimcnt conductd  at ?.02. K, “J’hc initial paltial pressures of CION02 and 11~1 for this

cxpcrimcnt wcm 1 xl O-J and 5x10’7 ‘1’err, rcspcctivcly.  At 1 min the (10N02 injector was pulled

upstream by 3 cm and a pronouncd  ti~llc-il~dc]~cl~(jcl~t  drop was observed in the (; ION02 signal

while the ~12 signal rose immcdiatdy.  When the injcclor  was pushed back to its stal-tin~  positioJ~

at 2,6 rein, both ~10N02 and (:12 rcturncct quickly to their ori{:ina]  levds.  lhring  this pmmss,



the gaseous IICI concentration also dccrcasd  due to the reaction, albeit to a lesser extent, No

rdcasc of 110(~1 into the gas phase was observed, ~orrccting  the n~cas~]rcc] ~lONOj  and Clz

sip,nals for their relative sensitivities gave a yield of near unity for ~12.

in a separate cxpcrimcnt, the reaction of [:1 ONOa with dissolved IIC1 was stuciicd  at

excess ~lONOz (I;igure 7). (rl’he initial partial plcssurcs of (llONOz and lIC1 were 6.5x1 0“? and

3X] ()”7 ‘1’err, respect ivc]y.)  ]n this case, the fias-phase ] 1~1 dropped immcdiatc]y  to zero upoJl

exposure, accompanied by a pronounced dccliJ~e  in ~lONOz. An important djffcrcnce between

l~i~urcs 6 and 7 is that with higher (ION(+ parlial pmssurcs both C12 and 110(1 arc liberated into

lhe gas phase. It is also interesting to note that the rise of the 110(1  signal hacl a J)oticcable  delay

upoJl the exposure, whereas the fall of C]t and the rise of } I(; ] were (ic]aycd when the exposure

was ended. I’hcsc delays are likely clue to the reaction of clissolvect  ll~i with the remaining 110(;1

in the solution.

liigure 8 illustrates (;lONO~,  11~1,  110(:1, and (;IZ signals as a fuJ]c.tion  of the iJ~jcctor

position with a) I’}lCI > l)cl(j~(~z and b) l)cl(~~(~~ > ]’IICl, conducted at 203 K, ]Jl ];i~urc  fl(a), ‘yZ can

be calculated from the decay  of the CIONOj sif,nal  or the growth of Clj as a function of the

CIONOZ  il]jcctor  position, both yie]din$: a reaction probability of about  0.02 (the difference is ]CSS

than 10 O/O). With l’Clc,~C,z > I),,C, (liigurc  8(b)), the 11(;1 decay was initially very fast as Clj rose

rapidly. DuriJ~g  the process, little 110~1 was released. At larp,er injector distances, the IIC1 and

~1~ signals approached zero aJlct an asyJnptotic  value, respectively. l’he }10~1  si~nal, on the other

hand, rose iJl accord with the ~lONO~  loss, (;lcarly,  at sJnallcr  injector distances, the rcaclion  of

CIONOz with ]IC! was dominant. A reaction probability of 0.013 was derived from the initial

1 lCl ciccay  or (Iz growth, similar to t}~at  in l;i[;ure 8(a). When the gaseous 11~1 concentration

(iiminishcd  at lar~cr distances, the CIONC)2 hydrolysis became aj~parcnt,  with a reaction

j>robability of 0.0035 (obtained from ~loNOz  c{ccay).  ‘1’his later value  is nearly identical to that

of CIONOj hydrolysis cietcrmincd  above. ]Iencc, with (110N02 iJl excess, both reactions 2 and

3 were observed, with rcac,tion  probabilities equal to those measured separately for the CIONOz

hydrolysis and for the CIONOj reaction with 11~1.

Some experiments were performed by varyin~~  the p,aseous 1 ICl concentration at a constant

tcmpcraturc. l(igurc 9 depicts the measured ~t’s as a function of lIC1 partial pressure at 200 K

anti l)cl(~~o~ = 8x1 0-* ‘1’orr. It is evident that ~j val’ies  with the 11(;1 partial pressure: a change of



I’lIC1 from 2xl 0’? to 2xl O-c’ ‘1’orr results in ~j values from 0.02 to 0.19. ‘l”his  is primarily clue to

the incxcasc  in 11~1 dissolved in the film at highm 11(~1 par[ial pressures, as governed by }Imry’s

law (which linearly rdatcs  the concentration of gaseous 11~1 to Ihat in the liquid).

]<csults of yz mcasurcmmts  arc shown in }li~ure  10 as a function of teJnpcrat~Jre.  The

open and fillccl symbols correspond to those ctctcrmind  from (lONOZ decay and ~lz Srowth,

respectively. ‘J’he top axis labels 1 ItS04 wt 0/0 cstimatcci from the IIZO vapor pressures in sulfuric

acid solutions.1*)3] in these cxperimmts,  the 11~1 parlial pressures fluctuatc(i  only slightly iJl the

ranp,c of (3-4)x1 O-? ‘I”orr,  and the initial partial pressures of 11(~1 were always higher than those

of ~lONO~ so that the pseuclo  fJrst-orcler assumption applied (l’cl(~~cjj = 8X 10“g to 2X10-’ l’err).

“1’he paramcterized tmpwature  &qwJ]dcJlce  of the ‘yZ data is also ]istcd in ‘1’able 1 with the

cxpcrimcJ~tal conditions. ‘l’he unccr[ainty  in the Y2 valw is approximately ~ 30’Mo for 72 < 0.1.

l(or larftcr yt values (which arc more sensitive to the Sas-phase diffusion), the uncertainty is as

large as a factor of 4. SoJne scatter in y2 is also rdatcct to variation in 11~1 partial pressures

dtJring the various experiments; a I)lIC1 variatioJ~  of (3-4)x1 0-7 renders  about a 20°/0 ctiffercncc  in

‘yZ, accordiJlg  to l’igurc  9.

in IIig,ure 10, ‘yZ approaches 0.3 at 19S K, whereas the value  at 212 K is Jnorc than two

orders of Jnagnitude  smaller. ‘1’his profound tcmpcratllre  dependence appears to bo correlated with

the anlouJlt of dissolved }1(11  iJl the film: at a fixed I’lIZC) o f 3.8x10-4 ‘1’err, 11(~1  volubility iJ~ 112S04

increases by about three ordm of magnitude owx the temperature range from 210 to 195 K.37’38

As cxplaind  above, this volubility behavio]  is caused jointly by the changing temperature and

chan[~ing  112S04 content, when ]’,[~c, is hdd constant

At pmscnt  the nature of this reaction mechanism is still unknown It has been proposed

that reaction 2. may occur  in two steps, i.e., reaction 1 follovd  by rcadion  3;39’40  it is also

fcasib]c  that reaction 3 may cnhancc  reaction 1 by refrcshin{~  the liquicl surface with lItO.

Altcrnativdy,  this reaction n~dlaJ~isn~  could simply be ~10N02 reacting directly with 11(;1. As

(imnonstrate(i  in IJi[:ure  6, no appcaraJ~cc  of 110(11 was obsm-vcd in the reaction of (~10N02 with

11(;1,  and almost all the ~lONO~ loss was accountab]c  due to its reaction with 11[:1 (which can

bc infcrrd from the Cll rise). ‘1’hcse  obscrva~ions  do not enable us to separate the overall reaction

into steps mm if it were takinc place in multiplo  steps. It is also likdy  that the measured

CION02  uptake  in the presence of 11(:1 is duc to rcac.tions with both IIC1 and 1120. ‘1’hc relative



importance of reactioJls  1 and 2 is (iiscussd  bdow.

Also, separation of the mcasurccl ~j as bcinc due to reaction on the s[lrfacc or in the bulk

is not facile. IIiffusion of ~lONOz  into the bulk and its subsequent reaction with dissolved }1~1

WOUIC1 mhancz  the uptake taking place at the surface. We ctict not observe any further changes

IJI ihe CIONOZ  signal (Jlor ~]z) after the iJlitial  ddine  (or rise) upoJ~ rxposure of (lONOZ to

sulfuric acid (I;igure 6), sug~esting  that either the bulk reaction was too small to compete with

that OJI the surface or ~lONOz  diffusion was very rapid so that only the combined reaction was

measured, Realization of these processes, however, could be impor[ant  in calculating, the reaction

probabilities based on laboratory n~cas~Jred  first-or(ie.r rate cocfficicJ~ts  aJ]d volubility constants,

as pointed out by llansoJ~ and Ravishankara.29

~{caction  of 110~1 with 11~1

ReactioJ) probability n]casurmncJ~ts  bet wccn 110(:1 and IC] (yJ were conduclcd  in the

saJne manner as those for the CIONOZ rzaction with 11[:1. liigure  11 presents a typical II(XI

rcadivc uptake at 203 K, l’hc partial pressures for 110 and 110~.1 were 5x1 0“? and 1 xl 0-7 ‘J’err,

r-cspcctivcly.  ‘l’he }10~1 uptake did not change will) exposure time and, thus, there were no

into sulfuric acid. As statd previously, }10(11 also physically dissolves iJ~

Since the anlo[JJlt  of ~12 produced was comparable to the 110~1  lost, we

dcclinc  in the }10~1  sicnal is mainly clLJc to lhc reaction with }1~1. “J”hm

saturation effects. “Ibis is to be expeclcd if the pJ”oduct ~]z dcsorbs  rapidly  and the other  product

1 120 iJlcorporates

lltS04 solutions,

conclude that the

observations also confirm the near unit stoichiomctry  for this reaction.

‘1’0 better quantify the potential effect of 110(:1 dissolving in lhc film cm the reaction

probability, we dctcrJniJ~ed  73 both from the } 10(;1 decay and from the ~11 rise. }Ji~ure  12 shows

signals due to 110(11,  11~1,  and ~1~ versus iJljcctor position, ‘~’wo different 110~1 partial pressures

were crnployeci while the 11(;1 parlial  prmurc was held constant at Sxl O“’ ‘1’err, in ]ii~ure  1 ?.(a),

the observed first-or(icr loss coefficient for 110(~1 gave a reaction probability ofO.14 usi Jlg I’I,Cj<,l

= 9x 1 O’B ‘1’orr. “l”hc (~12 signal iJlcrcasd  with injector distance in accord with the IIOCI loss, with

a corrcspoJlcting  value of O.12. Over the lcn~th of the substrate, l),l(.l  dccrcascd  by about 30°/0, IJl

l(ip,urc  1 ?.(b), the 110~1 partial pressure (7x1 0-7 ‘1’err) slightly excwxid that of 11(;1. ASain, both

)4



II(K1 and 11~1 were lost as the ~lz si~tlal incmascd.  III this case, the decay of 11~1 followed the

first-order rate law, with a y3 value of 0.091; the computed reaction probability based oJl the C2z

~mwt)~ diffcrcct by about  15 O/O.

Results of ‘y’3’s measured at various 11(;1 partial pressures are plottecl  in }iifylre  13. These

experiments were performed at 202 K and }’IICJri  = 1 xl 0“7 “1’orr.  ‘1’be data in this fi~ure clisplay the

expected behavior: ~3 increases with increasing Pl,c,, An increase in the reaction probability by

a factor of 4 is observed as I’}ICI is varied from 3x10“7 to 2.x1 O“c ‘1’orr. ‘1’his is qualitatively  the

same as that for the (;10N02 readiol~ with ]1(:1 dcscribd  above.

‘J’he temperature dcpcncimce  of the 110(~1  reactioJ~  with II(H is illustrated in }(igure  14

using  11(X1 partial pressures of 9x10“8 to 1 xl 0-7 ‘1’orr. ‘1’he 11(;1 partial pressure was maintained

in the range of (3-4)x10“7 “1’err, ‘J’he symbols are the same as in liigurc 9; coefficients of a

polynomia l  fit of the data arc summarix,cd in ‘1’able 1. ‘J’he estimated uncmlainty for these

mcasurcmcnts is similar to that cliscussed  in the proceeding section for the OONOt reaction with

11(:1.

Reaction  probabilities of ]10(;1 with 11(;1 are in Sencral  larger than t}~ose measured for

~lONO~ reactinc with 11~1 (Figurm 10 and 14) by a factor of 3-7. l;or example, 73 is Sreatcr than

0.3 rit 197 K and (iccrcascs to about  0,004 at 215 K. ‘1’his apparently reflects the higher so]ubility

of 110(1 in sulfuric acid: tbe llcnry’s  law volubility coefficient for 110(;1 is about an order of

ma f,nitucte  greater than that for 11(~1 under the same conditions,38  ‘1 he mechanism for the reaction

of 110(;1 with 11~1 is likely 10 be acid-based catalysis, occurring after the uptake and subsequent

solvation  of both species,

}1 ‘~l”(aq) -1 IIi(:lo-(aq)  -> O,(c) -1 1120(aq) (s)

Reaction (5) bas been invcstip,atcd by

bc limitcci  by liquid-phase diffusion.

lligcn ancl Kustin4] at room temperature. It was founcl to

~1’l]c  llffect of 1 IN03. on Reactions 2 and 3

‘1’he effect of } 1N03 cm reaction probabi]itics  of 11(11 with 00N0~ and }10(;1 has been

cxamincct  by first exposing the acid film to II(;1 and IIN03 vapors and allowinp, tbcm to

equilibrate wi th  the l iquid. IIccallsc these experiments clcalt  virtually with the

1 !)



llN03/ll(;l/Jl#  Od/Jlz0 quaternary  system, it would bc important to verify the reaction products

or to look for possible new reactions, if any.

Mass scms  before and after exposure of 110~1 to sulfuric acid arc shown in ];igure  15

in the mass range from 3010  100 amu. lior smaller masses ICSS than 30 amu, the presence of 1 Ic,

I]zO, and Nz (i.e., m/c = 4, 18, 28) in hip,h concentrations tcndccl to distort (or saturate) the

spectra, because the mass spectrometer was opcratccl  at a very high multiplier voltage (i.e. 1.8

KV). At larger masses greater than 100 amu the spectra was featureless. “1’hc experiment was

cxmciuctd  at 198 K and partial pressures of 1 xl 0“? , Sx]()-?,  arl~ SX]O-7 “1’orr for ]jo~l, Jl~], and

IIN03,  respectively. “l’he mass spectra of 11~1,  llN03,  and JIO~l before the cxJ>osurc  show their

characteristic peaks rrt m/c = 36, 46 and 52, with very lit[le inlJ~uritics  (Jiigure 15(a)). Other mass

peaks at m/c = 32 and 44 were duc to background Oz and ~oz and did not interfere with the

n~casurcmcnts.  After the exJ~oswe  (l~i~ure 15(b)), several changes arc seen in the mass spectra

that reveal  the reaction nlechanism.  ‘1’he appearance of nJ/e 70, 72, ancl 74 shows the formation

of ~1~, accompanied by the complete disappcal  ancc of 110~1. Some 10ss in gaseous 11~.1 was also

evident duc to the reaction with ]IO(H. ~’hc intensity at mass peak m/c = 46 (corresponcling  to

11N03) rcmainecl  unchanged during this procms.  Also, there was no evidence for the occurrence

of ~lqO (n?/e = 86), which has been suggested to form by the self-reaction of 110~1 in sulfuric

ac.icJ,27  ‘1’hcsc observations arc consistent with the reaction of 11O(Y with 11~1 to form ~lz in this

Jlllllti-colll]>ollellt  systcm.

Figure 16 represents 110~1, 11(1, and ~lj si~nals  as a function of injector distance: both

experiments were performed under the same conditions except that 1 IN03 was present at a partial

pressure of - 5x1 0 -7 “1’orr  in l;igurc  16(b). As rippalcnt  in this l:igure,  the 110~1 decay (or ~lz

growth) with injector distance ctici not change noticcab]y with the adclition  of 11 N03; the resulting

react ion probabilities were within 10°/0, Note that, althouflh temperat  ut-c ancl  1120 parlial pressure

in Jrip,urm 16(a) and (b) were the same, the conccntlations  of 1 lzSOq in the films were different.

‘I”his is a result of chan~ing  IIzSOd content in the }lzSOo/J1N03/Jlz0  ternary system; at a given

tcmpm-aturc,  addition of JIN03 to sulfuric acid solutions lowered the JIZO J~artial pressure so that

extra }120 was needed  to hold the IIZO partial pressure constant, A similar phrmomcnon  affects

the sulfate aerosol composition in the stratosphere. ‘S”c

Resu]ts  of reaction probabilities for reaction 3 performed on the 112S0,/11N03/Jl~l/1120



quatmary  system are displayed in l;igurc  17 in the tmpcraturc  range of 198-209 K, along with

the measured Y3’s excludin~  IIN03 (the same as the solid line in lii~urc  14). At 198 K, the liquid

film could contain as much as 5 W( % } IN03, inferred from the ternary vapor pressure data of

Zhang et al. ]s ~lcarly, the difference in the ~caction  probabilities was negligible, considering

cxpcrimcntal uncertainties and scatter in the present clata.

Similarly, we stuciicd reaction probabilities for rcaclion  2 in this quatcrnary system. l;igurc

18 shows mass spectra before and after exposing ~10N02  to the film. III this case, contributions

to mass peaks n?/e 46 were clue to both (IONOZ and IIN03. As shown in this ficurc, ~]z is

produced while ~ascous llCI is lost, confirminfi no ackiitional  reactions involved.

IJip,ure  19 shows CIONO~, IIC1, and C12 si~nals  versus  illjcctor position for experiments

a) without and b) with IIN03. A complication in l~igure  19(b) is that CIONOZ decay can no

Ior]gcr ix employed to derive  the fist-order coefficient because of the interference from 11N03.

‘1’his problem, however, can be rcmcdieci  by usitl~ the (lZ growth in both cases. Again, addition

of 1 IN03 ciici not appear to influence the (Ulj growlh as R function of the injector distat)c,c.

Rcacticm  probabilities cicrivccl  from li~,ures 19(a) and (b) ap,mccl  withi]l 109’0.

“1’hc fact that reaction probabilities for reactions 2 and 3 are not sip,nificantly  affected due

to the incol-poration  of 11N03 into ll~SOd  solutior~s is ir~triguinp,.  A possib]c  explanation is that

both reactions produce Clz, which does not dissolve in sulfuric acid,  l;urthcrmore, at a given IIZO

partial pressure, the dissolution of }IN03 in sulfuric, acid ciocs not si~nificant]y  alter the }1~1

volubility at tcrnpcratures  near 200 K; instcaci,  it may make II(:] slightly more so]ub]c,  by

rcch)cing the 11$04 COJltCJlt,37

l)iscmsion

comparison  with l)rcvious  Results

‘J’hc (;IONOZ  hycirolysis  on liquid sulfuric acicl has been previously invcstigatd  by several

groups.22’27’29’42 in liigure  20, comparison is made between the present results and previous

mcasurcmcnls. ‘1’hc

trianp,lcs arc ciala  at

open  sc]uarcs  arc ciata mcasule(i at 210 K by ‘1’olbc]t ct al.;27  the opcll

223 K from Williams et al,42 IIoth stu(iics use(i a Knudson ccl] technique.

3 ‘1



“1’hc solid  squares arethenmsl  recent mcasmmcnts  from IIanscm ancl Ravis}lankara29 at 202 K.

ShowJ~ as the solict  liJ)c  is the fit of the present data, ccmvcrteci to ll~SOd wt YO based on the

tcmpcratm  and IIZO partial pressu)e. “1’he  reaction probabi]itics  wc obtained arc in good

agreement with the those rcJ>orteci  by }Ianson and Ravish ankara, whereas our values arc slightly

hip,hw (or lower) than those from the S1{1 group in ICSS (or more) concentrated } 12SOd solutions.

l;igure 21 compares our results of I cacti on 2 with the nlcasurcments of 1 lanson  and

Ravishankara. 29 ‘1’hcy investigated yz CiCpCJ)CiCJ)CC  OJ) Ihc }10 parlial pressure at 2.03 K, ‘J’hc data

from their measurements, plotted as the solid squares, arc taken at I’lICI = 4x10-7 “J’orr. Despite

soJnc temperature differences with which the two measurements were carried out, the agrccmcnt

is excellent. Theoretical predictions of uptake coefficients for reaction 2 by }Ianson  et al .,28

however, yield  results considerably smaller than those in l;i~urc  2.1. It is now rcaliz,ccl  that this

is due to improper assumptions concerning the second-order rate cocfficicnls (k”).

Available laboratory clata of reaction probabilities for reaction 3 on sulfuric acid arc rather

limitc(i.  1 lanson  an(i Ravishankara22’38 slu(iie(i this reaction for a 60 wt 0/0 }12SOA solution: a value

of 1.6x 10S M-l s“’ for kll was infcrrcci.  On the basis of our measured y3’s, wc estimate this rate

coefficient directly using43

1 /y3(obs)  = 1 /(x + [0/[ 4//’// I’(/),k’)’A] (6)

where m is the mass accommodation (assumed unity here), 1{ the gas constant, 1’ the temperature,

03 the mean molecular spce(i, an(i kl = kll[ll(;l]  is the pscu(io-first-or(ier  rate cocfflcicnt for the

reaction of }10~1  with 11~1 in the lic]uici.  Values of liquid-phase {ii ffusion  coefficients (1~1) and

effective } lcnry’s law coefficients (}1”),  Jlcc(icci  to extract Pf , arc taken from the results of I ]anson

and Ravishankara.38  “J’hc caicuiatcci k]] ranges from 1.35x10$ to about  1.Oxl 04 M-l S-l for acid

contents from 60 to 50 wt  0/0: for the 60 wt 0/0 112S04, the value for k“ is consistent with that

reported by l]anson an(i Ravishankara,22’38 ‘1’hc y3’s computc(i  by } lanson ct al.,2g assuming a

constant k’], exhibit some systematic (ieparturc  from the present results.

l<clativc lmp~rtance  between ~iON02. IIyciroiysis  and ~iONOa_  Reaction  with J Ic~l

As discusseci above,  in the experiments when 11(;I  is absent, 110~1  is tl]c only prociuct of

the reaction of ~iONO~  with IIzo (l;i~urc  3). With a(i(iition  of p,ascous  11(;1 at a partial pressure



of (3-4 )x10-7 ‘1’orr (which is equivalent to the 11~1 mixin~  ratio of a few ppbv in the stratosphere),

no 110~1  is liberated into the gas phase wlicn }1(~1 is in excess over ~lONOz (Irigure 6).

lnspmtion  of Figure 6 may lead, at first sight, to the conclusion that ~10N02  hydrolysis will be

less important because  no gaseous IIOC1 can be produced. ‘1’his, however, may not be necessarily

true for slll~lllicroll-sizc(i  sulfate aerosols in the stratosphere. ~onsictw  a spherical droplet of radius

a ‘1’hc characteristic time for liquid diffusion within the parlicle  is given by,44

1 = f?l(n~lll) (7)

“1’his diffusion time needs to bc compared with the 1-cacticm time of 110~1 with dissolved IICI

(given by the inverse of the first order loss rate cocffic.ient,  1/k’) to ctctcrmine  the overall reaction

product on the .ctroplet. l;or a stratospheric aerosol of about 0,1 pm, the ratio of diffusion to

reaction time constants is on the order 10-3-10-?. Therefore, }10~1 generated by the CYONOZ

hydrolysis will likely diffuse out of the droplet before having a chance to react with I] Cl.

in the case of two reactions (i.e. 1 and ?) competing in the liquid  in the present

n~casurcmcnts,  the overall uptake coefficient shown in l;igum 10 may be cxprcssccl  as,28

1 /y2(obs)  ‘ 1/a -+ (o/[411”1/7Y),’’’(,,2  c)c) “1 k’ HCI)’A1  ‘ I /[y, (otJs)(l -1 r)fi] (8)

wltme F is the ratio of the first-orctcr  loss rate coefficients for ~lONO~  reaction with 1120 (k]}lqo)

and clissolvcd 110 (A1lIC1). l;ronl 195 to 2.10 K, this ratio varies from 52 to 2.4, clcrivml directly

from our measured reaction probabilities of y)(obs) (Fisure  5) and ~z(obs) (I;igure  10). I’hesc

values of Y arc then usccl to calculate the fraction of ~10N02  uptake clue to reaction with }1~1

72“c’ ‘ )y2(obs)/(1  -1 r) (9)

and duo to reaction with 11~0

%“2’) = y2(obs)/(1 -1 r) (lo)

‘J’he results are porlraywl  in IJigurc 22: the calculated contribution of (~10N02 hyclro]ysis  to the

overall uptake coefficient at temperatures of 2.00 and 210 K is about 6 ancl 30 0/0, respcc.tivcly,

~lcarly,  at lower tmpcratures  and at I’lICI = (3-4)x10“7 ‘1’orr the reaction of CION02  with

dissolved 11~1 is (iominant,

f:orrection for liinite  Aerosol Sizes



Since reaction probabilities were n~easurcd  on bu]k liquid 1 ILSOq surfaces in this work,

application of the present data to the stratosphere requires correction for the finite dimension of

tl]c sulfate acmsols.  In general, the reaction probability cm small aerosols (yC) is related to the

l a b o r a t o r y  mcasurcct  (y.,) value by,2R’44

1 /yc = 1 /cl -1 1 /[yn,(cofhq  . 1 /q)] (11)

where q is the diffuso-rcactivc parameter, ctcflne.(t  by q = c/(kl/lj))”l  or q = dl (1 is the ctiffuso-

rcactive ]ength). We have used the diffuso-rcac.tivc  ]ength for ~10N02  in suifuric acid suggested

by ]]anson and Rrivishankara,29 which is inversely proportional to the square root of water

activity. ‘1’0 estimate 1 for }100 in sulfuric,  acid, wc calculate tbe first-order loss coefficient based

on the mcasurcct  reaction probabilities of ]10(11 with 11(11,  usinp,  equation (6) and }1*(1~1)’”1

mcasmed  by Ilanson and Ravishankara.38

Shown in Figure 23 are tbe reaction probabilities relevant to a nominal 0.1 pm aerosol

particle. liigure 23 indicates that y, is much smaller than ‘yn, for reaction 3, while y, is very close

to ‘y., for reactions 1 and 2. Note that the corlcction  for tbe aerosol size is dcpcnchmt on a

knowledge of ~10N02  solubi]ity  in sulfuric acicl,  which is not directly measurable. Also,

available information on liquid-phase diffusion cocfflcienls  in sulfuric acid is very limitecl,  llcnce,

the treatment using  equation (1 1 ) may introc{uce  consi(ierable  uncertainty.

]{caction  Probabilities on the 112SO#lN03/1  120 “1’ernary Systcm

Wc have shown in this work that uptake coefficients for reactions 2 and 3 do not change

appreciably on the }12S04111NOJIIJ0 ternary solution compard  to those on the 112S04/1 120

binary solution at temperatures near or slightly Icss than 200 K, ‘J’hcsc mcasumments,  however,

arc restricted to tmpcratmes  above 195 K, because of tbe freezing, of the liquid  film, in the

stl atospbcr-c tbe composition  of sulfate aerosols changes rapidly with (iccrcasing  tcrnpcraturc,  by

absorbing 1120 and 1 IN03: at very low tcmpcraturcs

essentially into IIN03 and }120 binary solutions,’3’’s’1c

previous laboratory observations that incorporation of

(< 192 K) the acroso]s  could transform

if crystallization is inhibited. in light of

11N03 in sulfuric acid may increase }1~1

volubility by reducing the J12SOA contcnt,3~ reactions 2 and 3 could bc enhanced c]uc to

dissolution of IIN03. “J’bc present results r-meal that at temperatures near 195 K these reaction

20



probabilities are already cluite  high, approaching, a few tenths. As a result, it is likely that in very

cold stratospheric rep,ions the rate-lilllitillg step is g,as phase  diffusion.

Conclusions

II) this work we have it~vcstij;atcd  hctmog,cncous  reactions 1-3 on liquid  sulfuric acid

SUI faces, Reaction probabilities for these reactions have been measured in the temperature range

of 195 to 220 K: by maintaining, a constant 1 I JO pa]-tial pressure typical of the lower stratosphere,

wc arc able to simulate the composition representative of stratospheric sulfate aerosols. “1’he data

reveal that these reactions depend on tcmperaturm or 1 lzSOd wt O/O. ‘1’he reaction probability for

~lONOq hydrolysis approaches 0,01 at temperatures below 200 K, w}~ereas  the values for

~lONOJ and 110(~1  reacting with }1(;1 arc on the order of a few tent}]s at 200 K. ‘1’he results

corroborate earlier studies that heterogeneous reactions involving (10N02, IIC1, and 110(1 could

provi(tc  important pathways for chlorine activation at high latitudes in winter and early spring. ‘3)28

‘1’hc relative importance or competition between (~lONOz  hydrolysis (reaction 1 ) and

C10N02 reaction with }1~1 (reaction 2) has also been examined. ‘1’hc data imply that in the

prcsmcc of gaseous  11(:1 mole  culcs at str-atosphcric  c.cmccntrations, the reaction of CION02 with

11(21 is dominant at low temperatures (< 200 K), but the (~10N02 hydrolysis becomes important

at tcmpcrat ures above 210 K.

1,astly, at temperatures near 200 K or sli~htly less than 200 K, reaction probability

mcasurcmcnts performed on the 1 l#Od/l  lN03/1  lZO ternary solutions do not exhibit noticeable

deviation from those performed on the 112 S04/1120 binary system, showing little effect of 1 IN03

in sulfate aerosols on the ~lONOj and 110(;1 reactions with 11(11, Our results su~p,csl that at low

tempcraturm  (< 195 K) these reaction pl-obabilitics arc so lar~c that gas phase diffusion is likely

the rate-limitinp, step in the stratosphere.
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‘] ’a[>]c 1. Summary and l’aral]lclcriz,atiol~”  of the Reaction l’i-obabilily (~) Measurements

Reaction Coefficients llxpcrimcntal Conditions

~1 % (13

CIONO, -I 1120

(; IONO, -1 11~1

IIocl -1 IIcl

1’}120 ‘ 3.8 X10-4
114,3935 -1.0396 0,00229 PC,C)N02  ‘ 8x1 O“g to 2X 10-7 “l’OT-r

1’ = 195 to 22.0 K

I’},2C, = 3.8x1 0-4 ‘J’orr
75.0581 -0.6158 0.001]”/ “Cl[)N02  ‘ 8x1 0 -8 to 2,x1 0-7 ‘1’orr

}’,,c,  = 3x1 O”’ to 4xIO”7 ‘J’orr
1’= 195t0212K

1’,,20 = 3.8x10 -4 “J’orr
-42,5380 0,5238 -0,00157 J’llc,cl = 9X10”B to IX10”7 ‘J”orr

I’lICJ = 3X10-7 to 4X 1 0 ”7 “Jon
7’= 195t0212K



l;ip,urc 1. Schematic diagram of tbc flow reactor.

Iiip,ure  2. Physical uptake of 1]~1, llO~!,  ancl llNOq when exposed to a IO-cm lcn~th

sulfuric acid film at I’IIZO = 3 . 8 x 1 0 -4 ”l”orr: (a) forll(:l at 202K andl’,[cl~  5xIO”7

“1’err, (b) for IICXI at 204 K and I’,IC,CI = Ix] O“? ‘1’err, aud (c) for IIN03  at 202 K

and 1’}1~03 = 5x1 0 -7 ‘1’orr. ‘l’he injector was movcct upstream at 2. rein) ancl, for (a)

and (b), returned  to its original position at 4 min. ‘1’he average flow velocity of the

carrier Sas was 890 cm S-l.

];igurc 3. ‘1’emporal  profiles of ~lONOz and 110~1  as CllONC)~  was exposed  ancl not mposccl

to a 10-cm length liquid sulfuric acid film, I’ho llOCl  signal exhibited a noticeable

delay when the ii~jcctor was positioned both upstream and downstream, as a result

of 1100 being  physically ctissolvcd  in sulfuric acid. ltxperimental conditions:

I’C,(,N(,2  = lX10-7  ‘J”orr, I’}lZC,  z 3.8x]  0-4 ‘J’err, ]’}1, = 0.5 ‘J’err, flow velocity = 897 cm

s-’, and 1’ = 199 K,

IJicurc  4. ~lONOj  and 110~1 as a function of il~jector  J)osition, z, (a) O = ~lONO~ decay;

(b) A = 110~1 p,rowth,  ● = plot of S’,l(,(., (OCI)  - L~},c,C)(Z) where ~f’,lc,Cl(~)  is’ the }10(:1

si~,na] at larger distance (see text fo] details). IIoth ~lONOz  decay at~ct }10(;1

growth  arc foun(l to follow J’irst-ordm kinetics, yielding reaction probabilities of

0.012 and 0.010, respectively. llxpcrimental  conditions: l’cl(,~c)~ = 1.2x 10-7 ‘J’err,

1’},20 ‘ 3,8x1 0-4 “J’orr’, )’}1, = 0.5 ‘J’err, flow velocity = 921 cm s-’, and 7’ = 199 K.

liigure 5. Reaction probability (y]) for (; IONOZ hydrolysis on ]iquicl  sulfuric aci(i  films as

a function of temJ>craturc  at I’IljO ~ 3.8x10“4 ‘J’orr. Open circles are ‘yI’s determined

from (;lONOl decay, and solid ones from 110~1 ~rowth. “J’he solid curve is a

polynomial fit to the cxpcrimmtal data and the coefficients are summariz,cd in

‘J’able 1, “J’hc top axis corresponds to 112S04 wt ?40 estimated from the temperature

and }’1120 based 011 vapor pressu]e  (iata of sulfuric acid solutions,18’3’ lixpcrimcntal

conclitions: I’C,0N02° z 8x1 0“8 to 2x] 0-7 “J’oIr, }’}1~ = 0,5 ‘J’err, and flow velocity = 890

t o  925 CIll S-].

liigure 6. ‘J’cmporal profiles of ~lONOz, 11~1,  (Yz and 110~1 as ~lONOz  was exposed and

not exposed to a 3-cm length liquid sulfuric acid film. With 11~1 in excess,  little,



}“]f>m 7.

Pigure 8.

liigmc 9.

liigurc 10,

lii[:urc 11

if any,’ llo~.]  was II be.rated lnlo the p,as phase. }ixpmmenlal  condltlcms:  l)cl(~~c~z  =
. .

1 xl O-? ‘1’err, I)l[C1 = 5x1 0-7 “1’err, l’I[~C,  z 3.8x1 0-4 ‘1’err, 1’11, = 0.5 “J’err, flow velocity

= 931 cm S-l, anti 7’ E 202 K.

‘J’cmporal  profiles of ~lONOj (solid sql)arcs),  11~1 (solid triangles), ~lz (open

diamonds), and }]()~] (opm c.irc]es) as (; IONOZ was exposed and not cxJ>osect  to

a 10-cm length liquid sulfuric acid film, With ~lONOz  in excess, the ~ascous  }1(11

concentration droJqml to near m’o upon exposure. ]Ioth (~JJ and ] ]Oc]  were

IIberatcct  into the gas phase. llxpcrimcntal  conditions: I’cIoN02 = 6.5x1 0-7 ‘l’orJ’, ~’IICI

= 3x1 0-7 “1’err, I’}12C)  = 3.8xl 0-” ‘1’o]r, 1’11, = 0.5 “1’err, flow velocity = 890 cm S-l,

and Y’ = 202 K.

~10N02  (open triangles), 11(11 (soJid triangles), ~12 (open circles), and }10~1 (soJict
. . . .

SqUareS)  aS a flll)C.11011 of lllJCctor  ]>osltl~l~  with (a) I1}]c1 > l’clONOt (i.e., ])cl~,N~~  ‘

1 .4x1 0-7 ‘J’orr and P, ICI = 5.3x 10“7 ‘1’err), an(l (b) l)cl(,~(,~  > I’}lCI  (i.e., l’clo~c)z ‘

7 . 2 x 1  0-7 ‘J’orr  and I)} ICI : 3.3x1 0“7 ‘I”orr),  II) (a) the reaction probabilities

corresponding to (ION02  decay at~d (2Z growth are 0.022 and’ 0.020, rcsJmctivcly.

in (b) the initial 11(;1  decay at smal]cr injector distances Ieac{s to a reaction

probability of 0.013, while the ~lONOz decay at larger il)jector distances

corresponds to a value of 0.0035. Itxperimcntal  collditiolls:  I)}12C) = 3.~xl 0-4 ‘J’err,

P,,e ‘ 0.5 “1’err, flow velocity = 901 cm s“’, ancl 7’ = 2.03 K.

Reaction probabilities (y2) of (;10N02  with 11~1 on liquid  sulfuric acid films as

a function  of /’IICl. “J”hc solid curve is a JJolynomia]  fit to the experimental data.

lixpcrimcntal  conditions: }’c.,[JNoZ  = Rx] 0“8 ‘1’err, ~’llt[,  = 3.8x 10-4 ~’orJ, ~’11, ‘ 0.5
‘J’err, flow velocity z 900 to 920 cJn s-’, and 7’: 200 K,

l{cactio~~  probability (’y’2) of ~loN02  with 11~1 on liquid sulfuric acid films as a

function  of Impcrature  at l’}ijc, = 3.8x1 0-” ‘Iorr. ‘1’he OpCJI ancl filled symbols arc

y2’s detcrmincci  from CIONOJ decay and C12 ~rowth, rcspcctivcly.  ‘1’hc solid curve

is a polynomial fit to the cxpcrimcntal  (tata and the coefficients arc summarized

il] ‘] ’ab]c ]. ]{x])~rlI]~~l)ta! co])dltlolls:  l)cION()? = 8x1 O“* to 2x10“7 ‘1’err, I)}IC1  z 3x1 0-7

to 4x1 0-7 ‘1’err, ]’11, c 0.5 ‘1’err, and flow velocity = 890 to 925 cm s“.

“1’cmJ)oral  JJrofilcs of 11(;1, (:1> and 110(11 as 110(11 was cxposccl  and not exposed

to a 2-cJn len[:th liquid sulfulic  acid flllll.  I1xJ~cril~lcl~tal  col~ditiol~s:  ~’}l[)CI  ‘ 1 xl 0-7



JJip,urc  13.

}~ip,urc 14.

IJigl]r’c 15.

l;i~urc  16.

lii,gurc 17,

‘1’err, I’}lC1 = 5X]()”7 ~’or~, IJl,zo = 3.8x] ()”4 “]’err, 1’11, = 0.5 ‘J’err, flow velocity  = 915

cm s“ ‘ , and 7’ ‘ 203 K.

110~1 (open squares), (;lZ (open circles), and 11~1 (solid trian.glcs) as a function

of injcxtor  position with (a) I’}lC1  > I’}l CJC.J  (l’,lcjcl  = 9X10-8 ‘J’err), and (b) I’IICJCI > I’l[CI

(~’}mcl = 7x1 O-? ‘J’err). in (a) the reaction probabilities are 0.14 and 0.12

corl-cspondin,g to 110~1 decay  and ~11 growth, while in (b) Ihesc va]ucs arc 0.091

and 0.10. lixpcrimmtal  conditions: JJ1[CI  = 5X10“7 “1’err, l)}ltCJ = 3.t3xl  0-4 “1’err, 1)11,

= 0.5 ‘l’or-r, flow velocity =- 901 cm s-], and 7’ = 198 K.

Reaction probabi]itics  (Y3) of 1100 with }10 on liquid sulfuric acid films as a

function of I’}JCI.  “l’he solicl curve is a polynomial fit to the experimental clata.

}ixperimental  conditions: IJl,ocl = lx] 0“7 ‘J’err, I’llZC, = 3.8x10“4 ‘1’err, l)}l.  : 0.5 ‘J’err,

flow velocity = 890 to 925 cm S-l, and 1’ = 202 K.

Reaction probability (y~) of 1100 with 11~1 on liquid sulfuric acid films as a

function of temperature at l’}l~C, = 3.8x10“4 ‘J”orr. ‘J’hc open anti filled symbols arc

‘y3’s cictcrminecl  from the 110~1 clecay and (Iz growth, respectively. “J’hc solid

mrvc is a polynomial fit to the experimental data and the coefficients arc

summarizd in ‘J’able  1, lhpcrimcntal  conditions: }’}l OCI = 9x 10“* to 1 x 10-7 ‘J’err,

l’}ic,l = 3x10“7 to 4x10“7 ‘1’err, )’}1, = 0.5 ‘J’err, and flow velocity = 890 to 925 cm

s“’,

Mass spectrometer scans before (a) and after (b) exposure  of 110(1 to a liquici
. .

sulfuric aclct  film ctopcd  with 11~1 and }INOJ. lkpcrimcntat c o n d i t i o n s :  I)lIC)CI =
. .

] X] 0-7 ‘1’orl,  ]’}lCI = 5X10-7 ‘J’err, ]’11~()~  L 5X10”7 “J’err, I)IIZC, = 3,8x] ()-4 ‘J”orr, ]’11, :

0.5 ‘J’err, flow velocity = 921 cm s“’, and 1’ = 198 K. See text for ctctails,

110~1 (open squares), ~lz (open circles), and }1(;1 (solid trian~les)  as a function

of injector position without (a) and with (b) 1 lNOJ. Both 110~1 decay and ~lz

growth with injector distance  did nol chan~e appreciably with acldition  of 1 IN03.

I;igure  1 6(a) is the same as l;igurc  1 ?(a). ]n (b) the reaction  probabilities arc O.135

ant{ 0.140 corrcspondinc  to 110(;1 decay and ~lz growth, lixpcrimental conditions:

l’,,(,C,  ‘ 1 xl 0-7 ‘J’err, )J}lC1 = 5x1 O-T “]’olr,  l)l[~c,l  z 5x 10“7 ‘1’err, l’}ljo = 3.8x10“4 ‘1’err,

I’,,c ‘ 0.5 ‘1’err, flow velocity ‘ 901 cm s-’, and 1’ = 198 K.

Reaction probability (yj) of 110~1 with llC1 on liquid sulfuric acid films (Iopcd



with }IN03, as a function of tcmpcraturc  at ~’112(1 : 3.8x IO”” ‘l’or-l. q’he solid curve

is y~ deter-mind earlier without } 1 NOS. Hxpcrlmental  conctltlons: I)lICICI =
. .

9X1 0-8 to

1 xl 0-7 “1’err, I’lJCI  = 3x1 0“7 to 4x1 0-7 ‘1’err, 1)},, = 0,5 ‘]’~rr, and flow  velocity = 890

to 925 cm s-’.

l;i.gure 18. Mass spectrometer scans before (a) ancl after (b) exposure of ~10N02  to a liquid

sulfulic acid film dopecl  with 11(:1 and 11 NOS. llxpcrimcntal  ccmcllticms:  ))c)(~~c~~ =
.

1.4x1 0-7 ‘J’err, I’}lCI = 5x10“7 ‘1’err, l’ll~c,g  I 5x10“7 “J’err, 1’1120  ‘ 3.8x1 0-” ‘J’err, 1’}1, =

0,5 ‘J’err, flow vc]ocity  = 921 cm S-’, at~d 7’ = 198 K.

Fi.p,ure 19. (;l ONOz (open squares), (;ll (open circles), anti 11~1 (solid triangles) as a function

of il]jector  position without (a) and with (b) } lNOq. ‘J’he ~1~ growth  with ii~jcctor

distance did not change  apprcciab]y  with addition of } lNOq. in (a) the reaction

probabilities arc 0.042 and 0.045 corresponding to ~lONOz  clec.ay and ~12 Srowt}l,

while in (b) the value is 0.046 for (;IZ growth. l}xpcrlmcntal  conctltlons:  I’CICJNOZ =

] X] 0“7 “J’err, ~’llc, ‘ 4x] 0“7 ‘J’err, }’ll~c)l  = 5x1 0-7 ‘J’err, ])IIZO  = 3,8x] 0-4 ‘J’err, }’]1, =

0.5 ‘J”orr,  flow velocity  c 911 em S-l, and 7’ = 200 K,

}~igul-e  20, comparison of reaction probabilities for CIIONOZ  hydrolysis amonp, various

studies: IIanson  and Ravish ankara29  (~), Williams et al.41 (A), and “J’olbcrt et al.27

(L]). ‘l’he solid line rcplc.sents a flt of the present data.

liig,ure 2.1. (~omparison  of reaction probabilities fc)r ~lONOz with 11~1 between  this work

(solid  line) ant] those reported by }Ianson and Ravishankara29  (solic{ squares).

l;igure 22. Partitioning of the overall uptake eocfficicnts  of ~10N02  with dissolved }1~1

(solid curve) into those due to (: ION02  hydrolysis (short  dashed curve) and due

to (;lONOj reaction with 11~1 (long dashed curve), usin~ equations (8) to (1 O). Scc

text for details.

liigurc 23. (Iorrcctcd reaction j-)r-obabilitics  (clashed curves) I c]evant  to a nominal 0.1 pIJI

ammo] particle  based m cquatiolt (1 1), alon~  with those pcrtine~~t  to the bulk

soltltions  (solid curves). Sec text for details.
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